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POWER GENERATION PLANT VOLTAGE
CONTROL

RELATED APPLICATION

This application claims priority benefits based on Spanish
Patent Application No. 200900729, filed Mar. 17, 2009, the
disclosure of which is hereby incorporated herein by refer-
ence.

BACKGROUND

With the rising level of penetration of renewable energy
plants into power grids, renewable energy plant generators
are being required to offer various auxiliary services, such as
voltage and frequency control, 1n order to ensure their correct
integration into the grid. As a result, active and reactive power
controls have been developed 1n order to contribute to fre-
quency and voltage stabilization. The coordination and con-
trol of all the generation units comprising a renewable gen-
eration park, for example, may make 1t essential to have
communication systems send necessary information to each
unit.

SUMMARY

This Summary 1s provided to introduce a selection of con-
cepts 1n a simplified form that are further described below 1n
the Detailed Description. This Summary 1s not intended to
identify key features or essential features of the claimed sub-
ject matter. Nor 1s this Summary intended to be used to limit
the claimed subject matter’s scope.

A method for controlling a power generation plant may be
provided. First, an equivalent grid voltage may be estimated
based on electric magnitudes measured at a connection point
of the power generation plant and an equivalent model of a
power grid to which the power generation plant 1s connected.
Then, on the basis of said estimated equivalent voltage, a
command indicative of reactive power to be produced by the
power generation plant may be generated. Both the foregoing
general description and the following detailed description
provide examples and are explanatory only.

Accordingly, the foregoing general description and the
tollowing detailed description should not be considered to be
restrictive. Further, features or variations may be provided in
addition to those set forth herein. For example, embodiments
may be directed to various feature combinations and sub-
combinations described 1n the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this disclosure, illustrate various
embodiments of the present invention. In the drawings:

FIG. 1 shows an outline of a power generation plant;

FIG. 2 shows a circuit diagram of a proportional voltage
controller;

FIG. 3 shows a circuit diagram of a proportional-integral
voltage controller;

FI1G. 4 shows a circuit diagram of a voltage controller;

FIG. 5 shows an equivalent circuit per phase of a power
grid,

FI1G. 6 shows a control circuit diagram;

FI1G. 7 1s a flow chart showing an iterative solution method;

FIG. 8 1s a flow chart showing another iterative solution
method;
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2

FIG. 9 shows the evolution of the grid voltage and the
power ol a wind farm;

FIG. 10 shows an evolution of a reference and measured
substation voltage and a measured reactive power of a wind
farm;

FIG. 11 shows another evolution of a reference and mea-
sured substation voltage and the measured reactive power of
a wind farm: and

FIG. 12 shows yet another evolution of a reference and
measured substation voltage and the measured reactive power
of a wind farm.

DETAILED DESCRIPTION

The following detailed description refers to the accompa-
nying drawings. Wherever possible, the same reference num-
bers are used 1n the drawings and the following description to
refer to the same or similar elements. While embodiments of
the mnvention may be described, modifications, adaptations,
and other implementations are possible. For example, substi-
tutions, additions, or modifications may be made to the ele-
ments illustrated 1n the drawings, and the methods described
herein may be modified by substituting, reordering, or adding
stages to the disclosed methods. Accordingly, the following
detailed description does not limit the invention. Instead, the
proper scope ol the invention 1s defined by the appended
claims.

Wind power generation 1s one renewable generation source
that has increased at fast rate. The type of generator unit
associated with wind power generation has traditionally used
two different strategies to control voltage during normal func-
tioning. The first strategy has been to incorporate wind gen-
erator voltage controllers 1n the terminal blocks of the wind
turbine. One example of this type of control may be found in
U.S. Pat. No. 6,965,174 B2.

This type of control may have a rapid response and may not
require any additional control equipment in a corresponding
substation, since the wind turbines may incorporate voltage
controllers and measurements on terminals. However, this
control type may have the disadvantage of only controlling
local voltage, which 1s not a relevant value for the power grid
provided that it remains within the specified operating ranges.
At the same time, voltage at the connection point of a corre-
sponding wind farm may not be controlled and therefore may
be subject to varniations.

The second strategy has been to incorporate controllers for
the wind farm which, based on the voltage measured at the
connection point of the wind farms, may send commands to
the wind turbines related to reactive power or the power
factor. Examples of this type of control may be found 1n EP
Patent Application No. 1,433,238 and U.S. Pat. No. 7,166,
028 B2.

The disadvantage of this solution may be that, 1n order to
obtain a rapid response, a sophisticated computer grid may be
required to connect a wind farm controller to the wind tur-
bines. At the same time, 1n relation to delays that may exist
from the moment the measurements are taken and the com-
mands for the generator units are calculated at the substation,
until the generator units recerve them and generate 1n conse-
quence (digital delays, and delays 1n communications and
systems’ response), there can be fluctuations in the voltage
and 1n the generated reactive power.

Some grid codes may specily the level of reactive power
that must be generated according to the deviation 1n voltage.
Such standards, in many cases, may 1impose as a requirement
a proportional voltage controller. The standards may also
specily the response time required from this controller.
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This type of control may entail the appearance of addi-
tional voltage fluctuations, depending on the type of grid to
which the wind farm 1s connected (generally with low short-
circuit power), the proportionality constant (or droop)
required 1n the control, and the like. Consistent with embodi-
ments ol the mvention, a voltage control method may be
provided for a power generation plant which resolves the
inconveniences mentioned above.

FIG. 1 shows an outline of a distributed generation plant
(for example, a wind farm). The distributed generation plant
may comprise, at least, generation units (or wind turbines) 1,
a park grid 2, a central control unit 3, a transformer 4, a
measurement unit 5 and a communication network 6. Said
generation plant may be connected to a measurement unit 3
through transtformer 4 which may adapt a voltage at park grid
2, or generation voltage level, to the voltage of park grid 7, or
voltage level of the distribution or transport grid.

The central control unit 3 may receive information from the
measurement unit 3 regarding active and reactive power gen-
crated by the generation plant, the voltage level or current
(Petosar Qeiosar Ysup)» Mmeasured either on the side of the
distributed generation plant grid 2, or on the side of grid 7 to
which the generation plant 1s connected. Said information
may be used by the central control unit 1n order to calculate
and send commands to the generator units regarding reactive
and active power (Q,, P,) which may respond to the voltage
and frequency controls that may be required by the corre-
sponding grid operator.

FIG. 2 shows a circuit diagram of a proportional voltage
controller, according to what may be required by certain grid
operators as the level of penetration of renewable generation
increases. Said controller may establish an amount of reactive
power to be generated (QQ) by the generation plant propor-
tional to the voltage error (AV) existing between the mea-
sured voltage (V,,,,) and the reference voltage (V,, ) at the
point at which the control voltage may be carried out. As it
may a proportional controller, said controller may not elimi-
nate the error in the steady state voltage regime.

FIG. 3 shows a proportional-integral controller (PI). Said
controller, according to the voltage error (AV), may establish
an amount of reactive power to be generated by the power
generation plant 1n such a way that the error may be elimi-
nated 1n the stationary state while the generation units are not
saturated or, 1n other words, have the capacity to generate all
the reactive power that they may be commanded to. However,
the mtegral controller may not required by grid operators,
since 1t may cause fluctuations of reactive power generation
and consumption by generators that do not have this type of
control active and that are connected to a same point of the
orid or are close to each other. This may be due to a disparity
in the time constants of the controllers that the different
generation units have implemented or to errors 1n the voltage
measurements. It may be for this reason that most grid opera-
tors demand a proportional voltage controller.

However, the proportional controller can cause fluctua-
tions 1n voltage, depending on the constant of the required
proportional controller and the short circuit power, as well as
delays in communications, digital delays, and delays associ-
ated to the response of reactive generation systems that the
generation plant may have available (generator units, con-
denser banks, FACTS-type devices, etc.).

This fact may be caused due to the control being made
based exclusively on the voltage measured at the connection
point of the generation plant to the grid, which 1s much more
likely to sufler variations with changes in the reactive and
active power generated by the generation plant. Therefore,
from the moment a change in voltage occurs until the central

10

15

20

25

30

35

40

45

50

55

60

65

4

control detects 1t and generates the necessary reactive power
commands, the generator units may be at a point of reactive
power generation that may be opposite to that desired,
increasing the voltage error.

From the moment the voltage reaches the reference volt-
age, until 1t 1s communicated to the generator units, they
continue to generate reactive power as 1 there was an error,
thus making the control fluctuate. Embodiments of the inven-
tion may eliminate voltage fluctuations in the face of changes
in functioning conditions without having to resort to faster
and therefore more expensive equipment and communication
systems.

FIG. 4 shows an embodiment for a calculation of the reac-
tive power command (Q, 0. Block 9 may use measurements
that may be made 1n the connection point to the grid of
generated active power (P, ,.,), reactive power (Q_,,,,,,) and
voltage (Vg,,). Likewise, the reterence voltage (Vg .0
may be used appropnate to the point where the voltage con-
trol may be carried out. In various embodiments of the inven-
tion, said point corresponds to a point of the grid to which the
power generation plant may be connected. For the calculation
of said reactive power reterence (Q,, ), block 9 may addition-
ally use an equivalent model of the power grid to which the
power generation plant 1s connected.

FIG. 5 shows an equivalent circuit per phase. The voltage
(V ., )may represent the voltage at the connection point to the
orid of the power generation plant, while the voltage (V5. /)
may represent the grid voltage and the impedance of the grid
may be given by a real part (R,, ;) and an imaginary part
(X 5,..). Using Park’s transformation, the system of equa-
tions on axes (dq) that may govern the behaviour of the
represented circuit, for a three-phase voltage system may be
as follows:

Ve Grid=V,; s, Rt Xenat,

Ve Gria= Vo _subRerial, X Griala

The use of said grid equivalent model may be based on the
assumption that the most sudden changes 1n substation volt-
age (V. . ) may be directly related to changes 1n grid voltage
(V,..). The use of these expressions may also require knowl-
edge of the grid impedance (R, ;) and (X, ;). This imped-
ance may depend on the consumption generation ratio, which
may translate into variations in the value of (R.,,,) and
(X,.;) at each moment and may make use of the above
expressions difficult.

Embodiments of the invention may assume impedance,
leaving changes 1n the grid reflected only 1n the equivalent
orid voltage. Said impedance may be evaluated from tests or
be provided by the system operator. Upon detecting a change
in the substation voltage (V. ,), the grid voltage (V . ;) that
has caused said change may be calculated. To do so, 1n various
embodiments of the invention, the currents (1,) and (1) of the
equations system above may be calculated based on the mea-
surements of active power (P, ,,;), reactive power (Q_;,,.,)
and voltage (V¢ ) at the connection point to the grid (PCC),
which, taking the substation voltage aligned to the axis (q),
may be carried out according to the following expressions:

; Q global
af —

@ - VS ib
;o Pelobal
! ﬁ ] VS ih

Embodiments of the mvention may comprise a propor-
tional type control similar to that of FIG. 2. However, the
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proposed control may not directly use the voltage measured at
the connection point (V. , . _.) for the calculation of the
reactive power reference, but rather the voltage at that point
corresponding to the stationary state, as shown 1n FIG. 6.

FIG. 6 shows a control circuit. In it, based on the measure-
ments taken at the connection pomt to the grid (P, ..
Qronar Yisup), block 8 may calculate the voltage at the con-
nection point corresponding to the stationary state (Ve ;, =)
that will be reached in the new situation. Based on the error
(AV) existing between said calculated voltage (V. ., ~.)and
the reterence voltage (V,,, z./)» @ calculation may be made
based on the proportionality constant required by the sys-
tem’s operator of the command for reactive power to be
generated by the power generation plant.

To this effect, 1n various embodiments of the invention,
since the transients 1n such an event are relatively fast, in the
face of a change 1n voltage of the substation and until the new
stationary situation is reached, the active power generated by
the wind farm (P, _, ;) may not be substantially modified.
Theretore, the active power generated 1n the future stationary
state may correspond to that measured at that instant. At the
same time, 1t may also be considered that the grid voltage
(V ,.,)may not be substantially modified as a consequence of
the control of the substation voltage.

Rather, the variables that may have been changed in the
stationary state may be the generated reactive power (Qs;.5,.7)
and the substation voltage (V, ,) as a result.

In this way, the control system may provide, upon a change
in the system’s variables, the reference value of the reactive
power (Q,,.,) related to the new value of stationary voltage
(Vo s When this command value of reactive power 1s
applied as reference (Q,.) to the wind farm 10, any tluctua-
tion may be avoided, since the control may not take into
account what has happened with the variables during the
transient. This 1s how the problems resulting from delays in
communication and response times of the generator units
may be overcome.

Consistent with embodiments of the ivention, the group
of equations used 1n block 9 of F1G. 6 for the calculation of the
substation voltage (V .., ) in the future stationary state may be
as follows:

Va sup=Va_ criatBeridla _sup—XGridla_ sub

VgJuE:- - Vq_ GridtR Grid’ Lo Su = XGriala sub

4 p >
Vsuz}_\/ Va_sub Vo sub

QC.:IIC:‘?) ( VgJub.fdJub_ VJ_SHE:-.I.Q_SHE?)
OreK(AV)

Q Cafc:Qref

To resolve the above system of equations, embodiments of
the invention may use an iterative method as show 1n FIG. 7.
In block 11 a series of prior stages to the iterative process may
be carried out, so as to obtain the variables necessary for said
pProcess.

First, measurements 12 may be obtained of active power
generated by the wind farm (P, ,_,), total generated reactive
power (Q.,.,.,), and voltage at the connection point to the
power grid or at the point at which the voltage control may be
carried out (V¢ _,). Next, current 13 may be calculated at the
point at which the voltage control on axes may be carried out
(dq), (1 s.5) and (1, s,), based on the measurements of
active power (P, ,.,), reactive power (Q_;,,,;) and voltage
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6

(V<) at the connection point to the grid (PCC), all of which,
taking said voltage aligned with the axis (q), according to the

following expressions:

,f Qelobal
d Sub =
V3 -V

; P global
g _Sub —
V3 -V

Then, grid voltage 14 may be calculated on axes (dq),
(Va na)and (V, s,;4), according to the equations that gov-
ern the behaviour of the equivalent circuit per phase of the
clectrical grid to which the wind farm 1s connected shown 1n
FIG. 4. In other words, the following equations may be used:

Va_ Gria=Va_sup—Reridtla subtXGridly  sub

Vg_ Grid Vg_su —Repiat g_EuE?_X Grid td__Sub

Of the variables measured, calculated or estimated 1n block
11, the following may be presumed constant throughout the
iterative process:

1) A total generated power (P,;,;,;), which follows a slow
dynamic. It may be considered that 1n the face of a change 1n
orid voltage and until the stationary subsequent to said change
1s reached, the variable that changes 1n consequence 1s the
generated reactive power (Q_;,,,;,); and

2) The gnid voltage calculated on axes (dq), (V,; .., and
(V, Gnaq)- It may be presumed that the generation Or con-
sumption of reactive power corresponding to the voltage con-
trol does not have an influence on said grid voltage, instead
exclusively on the substation voltage.

Once the calculations 1n block 11 have been made, iterative
process 15 may begin. First, block 16 may calculate the
reactive powers (Q},_Efk) and (Q_., ") based on the following
expressions, where superscript K identifies the iteration num-
ber:

k_n. ko k ko
QC.:IIC =3 (Vg_.SuE:- ld_Sub _VJ_SHE:- Ig_SuE:-k)

Qrefk:K . (& Vk)

Next, block 17 may check that the calculated reactive
power corresponds eflectively to the stationary state. To this
elfect, the calculation may be made of the difference between
the reactive power calculated on the basis of the system’s
currents and voltages (Q_ ,") and the reference reactive
power corresponding to said voltages (Qrefk). Said difference
1s referred to as error:

_ k k
Error=| QCafc _Qref |

In embodiments of the invention, a boundary may be estab-
lished which may not be exceeded by the error between the
calculated reactive power and the reference reactive power,
for the result to be considered as that corresponding to the
stationary state:

| QCafck_ Qrefk|{BDUﬂdary

If the error 1s greater than the established boundary, a new
iteration may be mitiated. Block 18 may then calculate a new
reactive power (Q,,./) which may be calculated as a linear
combination of (Q_,, ) and (Qrefk) with a view to the system
converging, in the following manner:

k_ & Fig
QMEJ _KIIQC.L:IEC +K2.Qr€f

K, and K, may be adjusted previously in such a way that
the number of iterations needed to reach the final result 1s
minimised. Next, block 19 may calculate the currents
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(1 q_Sku) and (i, ,,”) which may be established for the new
situation of reactive power (Q,,. ), taking into account that
the active power remains constant, on the basis of the follow-
INg SXpressions:

5
k k k
y B Pciobat * Vi sup + Oited " Vg sub
d Sub =
_ L 2 k 2
3 ((Vd_Sub) + (Vg sup) )
P VL SO 7 10
1 Global ™ Y g Sub — QMEd d_Sub

[ - Sub —
! 3 ((Vé{_sub)z + (Vé(_Sub)z)

Then, block 20 may calculate the voltages at the point at
which the control 1s carried out, based on the equations that 15
model the behaviour of the grid to which the wind farm 1s
connected and the previously calculated currents. This may
take 1nto account that (V,; 4,,,) and (V__,,,) do not change
in respect of the stage prior to the iterative process:

20
k

F_ y 2 y
Va sup —Va_GriatReridla sub —XGrid'lg_sub

k_

Fig

- i o
Vi sub = Vo GriatBerialy sub YXGridla sub

With the voltages and currents, within the iterative process
15, a calculation may be made once more of the reference 25
reactive power and the calculated reactive power, and the
iterative process may continue in a similar way. If indeed, 1n
block 17,1t may be verified that 1Q - zf—QFEfk |<Boundary, the
iterative process may conclude and in block 21 the voltage
may calculated corresponding to the stationary state that may 30
be reached as a consequence of the change in grid voltage and
on generating the reactive power required for that new situa-
tion. Said voltage on axes (dq) may respond to the following

eXPression:
35

Veub Es ::v Vi Su 5+ Va_ su 5)

As can be seen 1in FIG. 6, embodiments of the invention
may use said stationary voltage (V,,;, g Ior the calculation

of the error (AV) to which a gain 1s applied (K) for the
calculation of the reference reactive power. In various other
embodiments, the system of equations resolved in block 9 of
FIG. 4 may be such that 1t includes an equation that equals the
reference voltage to the effective value of the voltage mea-
sured at the point where the control 1s carried out, this way
imposing a null error 1n the stationary state.

From the solving of the system of equations, a production
of reactive power (QQ,_,.) may be obtained. This value may
climinate the error 1n the stationary state and may be the one
1ssued as the reactive power command (Qref) 1n order to carry
out the voltage control.

40

45

50

Va sup=Va_ GriatBGridta sub—XGridly_sub

VgJuE:- - Vq_ GridtR Grid’ Lo Su = XGriala sub
55

4 p; >
Vsub_v Va_sup Vo sub

VS 2bh :Vref

60
O cate=3"( VgJub g Sub—Vd_ Sub 'ngub)

In order to solve the system of equations above, embodi-
ments of the invention may consider an iterative method as
show 1n FIG. 8. In the previous stages, related to block 11, at
the beginning of the iterative process, the calculations may 65
comncide with those explained previously for FIG. 7. 1n the
same way as the hypotheses of the 1terative process coincide,

8

the generated power (Ps,,,.;) and the grid voltage (V,; 4,:2)
and (V, ,,,) may remain constant from one stage to another
of the iterative process.

Once the prior calculations have been made 1in block 11, the
iterative process 15 may begin. First, block 22 may check that
the calculated substation voltage (or measured 1n the case of
the first iteration) and the reference substation voltage are
approximately the same. In other words, that the error exist-
ing between them 1s less than a determined boundary level.

Ve =V, A<Boundary

If the error 1s greater than the established boundary, a new
iteration may begin. Block 23 may then calculate the target
substation voltage on the axis (q) (V_ g, b_TargEf),, based on
the command voltage (V, 4. To this etfect it may be consid-
ered that the voltage on axis d does not change. Rather, 1t may
coincide with that of the previous iteration. In other words:

V & Ve fz_ ( Vd_Su z:-k)z

g__Sub__Target

Based on said voltage and the grid model to which the park
may be connected, block 23 may also calculate the target
current on the axis (d) associated to the generation of reactive
power, (1, o, b_Ta@Erﬂ according to the following expression:

k %
& (Vq_SHb_Targ et Vq_Gf’fd — Rgria - Iq_Sﬂb)

Id_SHb_T arget —

XGrid

To this effect, 1t may be considered that the current on the
axis (q) remains constant. On the basis of said target current

on the axis (d) and target voltage on the axis (q) i block 24,

the target associated reactive power may calculated Q ,/gef :

_ k
QTcﬂger _3(Vg Sub__Target

ks
V.:f_SHE:- Ig_SHE?k)

o k_
Id_S 1b___Target

Block 25 may calculate the currents (1 q_SHb[() and (i; ¢,
which are established for the new situation of reactive power
(Q Targef),, bearing 1n mind that the active power may remain
constant, on the basis of the following expressions:

k k k
k Pciobat - Vd_SHb + QTarg et Vq_Sﬂb

fd_Sub —
3 ((Vé{_sub)z + (V.;;{_Sub)z)

4 _ P Global -~ V-:;C_Sﬂb + Q%"arg et Vj_SHb
2 2
3- ((V&E:_Sab) +(VEs) )

Iq_SHb —

Block 26 may calculate of the voltages at the point where
the control 1s carried out, on the basis of the equations that
model the behaviour of the grid to which the wind farm 1s
connected and the previously calculated currents, bearing 1n
mind that (V; 5, ) and (V_ ,,,) may not change in respect
of the prior stages of the iterative process:

_ y 2 y 2
Va sub —Va_criatReridta _sub —Xeridla sub

k__
VCE_SHE? -

If effectively in block 22 it is verified that 1V "~
V,.4<Boundary, the iterative process 15 may conclude and in
block 27 the reactive power reference (Q,,.,) may be gener-
ated, equaling 1t to the target reactive power (QTargﬁK) Thus,
achieving a reactive power reference that may eliminate the
voltage error 1n the future stationary state.

The blocks described above may correspond to different

devices of which a control unit 1s made up, or alternatively a

y % y 2
Vo GriatBGrialy sup Y XGrdla sub
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calculating unit may be adapted to carry out the calculations
described above, with each described block being a stage of
said calculation.

In various embodiments, a control unit of a wind farm may
be a programmable device set up to run the method described
above. Both iterative methods may be easy to implement 1n
substation digital control systems, (PLC), and may require
reduced calculation times.

Consistent with embodiments of the invention, a control
system for a wind farm may comprise means for measuring
clectrical variables at the connection point of the power gen-
eration plant with said control unait.

FIG. 9 shows an active power generated by a wind farm
with an installed rating of 27 MW and the equivalent grid
voltage of the system. A fast variation in active power may be
considered at the same time as a certain noise in grid voltage
to analyse the robustness of control systems. In this genera-
tion situation, the response of different types of voltage con-
trols may be analysed.

FIG. 10 shows an evolution of the substation’s voltage
(V. ) and the reactive power (Q_, . .) generated by the
wind farm with a conventional voltage control. The response
required by the system’s operator may be such that upon a
deviation 1n voltage (AV) of 4%, the wind turbines may
generate all the reactive power that they are capable of, with
the adequate sign, and with a speed of response of one second.
It 1s verified that with this type of voltage control a good
response may not achueved, since due to delays, characteris-
tics of the gnd, and the type of response required by the
operator, the system becomes fluctuating.

FIG. 11 shows the evolution in the substation voltage
(V. ,) and the reactive power generated by the wind farm
(Qup o) With a voltage control according to embodiments
of the mnvention. The response required by the system’s
operator may be such that upon a deviation in voltage (AV) of
4%, the wind turbines may generate all the reactive power that
they are capable of, with the adequate sign, and with a speed
of response of one second. It 1s verified that with this type of
voltage control, a fast and stable response may be achieved,
since from the first mstant the reactive power command 1s
calculated and sent that 1s suitable for the stationary state of
the voltage. The tluctuations that may be observed are due to
the weakness of the grid to which the wind farm 1s connected
and to the fluctuations 1n generated active power and grid
voltage. In addition, due to the characteristics of the required
response, the error may not be eliminated 1n the stationary
state.

FIG. 12 shows the evolution of the substation voltage
(V. ) and the reactive power generated by the wind farm
(Q..» ...;) with a voltage control according to embodiments
of the invention. In this case, the requirement may be to
climinate the voltage error 1n the stationary state. It 1s verified
that with this type of voltage control, a fast and stable
response may be achieved that, while the reactive capacity of
the wind turbines allows 1t, may eliminate the error in the
stationary state. The fluctuations that may be observed are due
to the reasons set out above.

In various embodiments, a dynamic estimate may be made
of the grid impedance value (Rgrid) and (Xgrid) based on the
clectric magnitudes measured at the connection point of the
wind farm (Ve ., Poissn Qoionas I, €0s 11). The method of
estimation may be based on solving a system of equations 1n
the stationary regime, which may reflect the behavior of the
orid at three instants that are close 1n time (t1), (12), (t3). For
the execution of the grid estimate, it may be assumed that at
said stants the grid voltage module (V. ;), as well as the
orid impedance remains constant.
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Said system of equations, with the electric variables
expressed on axes (dq) synchronised at the frequency of the
orid and the q axis being aligned with the substation voltage
(Vsub), may remain as follows:

_ rl o rl . £l
0=Vi Griad tRGriala sup —XGridlg_sub

1 __ £l . £l . £l
Vo sup Vo Gria tRerials sup tXGriala sub

_ o ) o o £
O=Vy Gria tRGridla sup —Xeridly Sub

2 __ £2 . o . £2
Vo sup =V Gria tRerialy sup YXGriata sub

_ £3 o £3 . 3
O=Vy Gria tRGridla sup —XGridly Sub

3 __ t3 o t3 o £3
Vo sup =V Gria TRerials sup YXGriala sub

The superscripts (t1), (t2), (t3) in the above system of
equations may identify the instants in time to which the equa-
tions correspond. The currents (1, ,,,)and (1, ,,,), as well as
the voltages (V,, ) at each mstant may be obtained on the
basis of the measurements carried out at the connection point
of the wind farm to the gnid.

From the solution of the above system of equations the
values of resistance (R, ;) and inductance (X, . ;) of the
equivalent grid model may be used for the voltage control.

Consistent with embodiments of the invention, the time
cycle for estimating the equivalent grid impedance may be
substantially greater for the voltage control. In various
embodiments, records of several consecutive values of grid
impedances may be saved 1n such a way that upon sudden
changes 1n the value of said impedance, the parameters in the
voltage control are modified so as to continue guaranteeing
the stability of the control. Embodiments of the invention may
comprise gain (K) for one of said parameters of the control
shown 1n FIG. 6.

In various embodiments, upon sudden changes in the grid
impedance value, the control system may signal this event by
means of an alarm. In various other embodiments, various
preset electric grid models may be available. Said electric grid
models may be characterized by a grid impedance that can
take on various preset values (provided for example by the
operator of the grid to which the wind farm connects during
the project definition stage). Said preset grid impedance val-
ues may be the values that the operator has characterised as
predominant at the connection point of the wind farm to the
or1d.

In this case, the equations that govern the behaviour of the
circuit represented 1n FIG. 5 may be resolved at each instant
for all the impedance values provided by the electrical opera-
tor, thus calculating the grid voltage for each impedance value
and taking, for the wind farm’s voltage control, the value of
the grid voltage obtained at each instant that results 1n a more
stable value.

Consistent with embodiments of the invention, the system
operator may provide two impedance values characterised by
aresistance and a series impedance: R, ", X ... ;' in one case
and R . °, X~ in the other case. The solving of the equa-
tions on the dq axes (shown below) for the two impedance
values, and based on the currents (1d, 1q) and voltages (V , _ ..
V. s.») measured at the connection point at each instant, may
provide two grid voltage values (V, ;,..'» V, 6.z and
V. Grid V., G ?) expressed on dq axes.

-

|

1 _— 1. .
Va Gria = Va_supReria 1atXerma ',

1 1

1 _ i~ o
Vo Grid =V _supBoria 1t KGra la

2_ 2. 2.
Va_ Grid —Va_sup—Rerid LatXerad 1,

2_ 2. 2.
Vo Grid = Vg _sub—RGrid 1ot Xerid la
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In order to determine which may be the most stable value of
orid voltage at each instant for use in the voltage control,
embodiments of the mnvention may calculate the varnance for
an established period of time of each one of the signals of grid
voltages (V,; i sV Gra a4V, 6.5V, .. )obtained
with each one of the preset impedances, or any other known
method for quantiiying a signal’s variability.

Consistent with embodiments of the invention, indexes that
are indicative of a change 1n the grid may be defined and
calculated on the basis of the mobile integral of the absolute
value of the derivative of the effective value of each one of the
signals of grid voltage calculated with each one of the pos-
sible impedances (Int(Abs(Der(V..,,,"))), (Int(Abs(Der
(V,..)) as a signal indicative of a change in the grid to
which the wind farm may be connected. The calculation of the
alorementioned indexes 1s done as follows:

d Vﬂl}’rid

(Int(Abs(Der(V,g) = f T dr
2
I Abs(Der(Vi ) = [ il g

When a change occurs 1n the gnid, 1t may affect either the
voltage of the equivalent model or the impedance thereof and
both changes may be reflected in the indices indicative of the
change in the grid (Int(Abs(Der(V.,.."))), (Int(Abs(Der
(V...)). However, when the change in the grid affects the
voltage of the equivalent model, said indexes(Int(Abs(Der
(Ve )), (Int(Abs(Der(V .. ”))) may evolve in a similar
manner, whereas 11 the change 1n the grid affects the imped-
ance of the equivalent model, the index calculated (Int(Abs
(Der(V .. ), (Int(Abs(Der(V .. 2))) with the inadequate
impedance, may grow to a greater extent than the signal
calculated with the correct impedance.

In order to distinguish between when the change occurs in
the grid voltage and when 1t corresponds to a change in
impedance, as a signal indicative of a change 1n impedance,
the difference between the index indicative of the change in
the grid calculated with the current impedance (used for the
estimation of the gnd voltage (V,.,) used in the voltage
control according to embodiments of this invention) and the
index 1ndicative of the change 1n the grid calculated with the
rest of the possible impedances may be used. When said
difference exceeds a certain threshold, that impedance which
gives rise to a greater difference between indexes may be
selected for the estimation of the grid voltage used 1n the
voltage control.

Consistent with embodiment of the invention, reactive
power command (Q,, ) may be calculated on the basis of the
equivalent grid voltage (V. ) and may have a value that
corresponds to the reactive power that the power generation
plant must generate 1n a stationary manner in order to fulfill a
previously preset law of control.

Because the reactive power command corresponds to that
which the power generation plant must generate 1n the sta-
tionary state, this may prevent the delays that exist from the
time of taking the measurements and calculating the com-
mands for the generator units in the substation until the gen-
erator units receive them and generate in consequence (digital
delays and delays 1n communication and systems’ response),
from affecting the system’s controllability.

In embodiments of the invention, the law of control may
define the reactive power to be generated (Q,, o according to
the voltage at the connection point of the power generation
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plant (Vg,,) and a reference voltage (V,_ ). Moreover, the
voltage at the connection point (V. , ..)that will be reached
in a stationary manner may also be calculated on the basis of
the equivalent grid voltage (VGrnid) and assuming a generated
reactive power equal to the command (Q, /).

Said voltage control law, according embodiments of the
invention, may be imposed by the grid operator responsible
for safeguarding the stability of the power system and may
correspond to a proportional control. In this case, the law of
control that may define the required response for the power
generation plant may include 1in addition to the reference
voltage for the voltage at the connection point (V,_), a con-
stant (K) that relates the voltage at the connection point (V¢ ;)
and the reactive power (Q,,) to be generated by the power
generation plant.

Consistent with embodiments of the invention, the law of
control may define the voltage that must be reached 1n a
stationary manner at the point of connection of the wind farm
(V,p). In this way, the command (Q,, ) may correspond to the
reactive power that must be generated by the power genera-
tion plant 1n a stationary manner in order to eliminate the error
in the stationary state between the command voltage (V,,/
and the measured voltage.

By generating the command for reactive power based on
the grid voltage (V 5, ;), which 1s much more stable than the
connection point voltage (V_ ), especially in the case of
weak grids, the control may be more stable, as they are not
subject to the fluctuations observed 1n said connection point
voltage, which 1n consequence generate fluctuations in the
reactive power commands. In this way, the voltage at the
connection point of the power plant obtained by applying the
method of the invention may be more stable.

Consistent with embodiments of the invention, the control
method may further comprise dynamic estimation of the
orid’s electrical model based on the electrical magnitudes
measured at the power generation plant’s point of connection
(Vs, P,Q, 1, cos 11). In this way, changes in the power grid may
be detected (disconnection of loads or generation units, etc.)
which affect the grid’s equivalent impedance. Because the
orid model 1s used 1n the voltage control, detecting changes 1n
impedance may allow the error made 1n calculating the reac-
tive power commands to be minimized. Said grid electrical
model consists of a resistance (R) and a series reactance (X).

Consistent with embodiments of the invention, records of
several consecutive values of grd impedance may be saved 1n
such a way that in the face of sudden changes 1n the value of
said impedance, voltage control parameters may be modified,
such as the response time or proportionality constant (K), in
such a way that the stability of the control may continue to be
guaranteed.

Consistent with embodiments of the invention, a voltage
control system for a power generation plant may be provided,
said system comprising means for measuring electric vari-
ables at the connection point of the power generation plant
and a control unit that calculates from the electric variables a
reactive power command (Q,,) wherein moreover, the reac-
tive power command 1s calculated applying a control method
according to what has been described above. In addition, a
wind farm characterised 1n that 1t comprises a control system
configured 1n accordance with the embodiments of the inven-
tion may be provided.

What 1s claimed 1s:

1. A method for controlling a power generation plant con-
nected to a power grid, the method comprising:

at each of a plurality of points 1n time during operation of

the power generation plant, generating a voltage control

by:
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(a) estimating an equivalent grid voltage (V 5, ;) based on:
clectric magnitudes measured at a connection point of
the power generation plant including a voltage mea-
surement at the connection point, and
an equivalent model of a power grid comprising an
impedance of the power grid to which the power gen-
cration plant 1s connected;

(b) generating, on the basis of said estimated equivalent
orid voltage (V. ;) and a voltage reterence (V) for the
power grid, a command indicative (Q,,) of reactive
power to be produced by the power generation plant;

(c) dynamically estimating the grid model on the basis of
the electric magnitudes measured at the connection
point of the power generation plant; and

(d) employing several consecutive values of grid imped-
ances such that, upon sudden changes 1n the value of said
impedance of the power grid, one or more parameters
are modified 1n the voltage control to maintain stability
of the voltage control.

2. The method of claim 1, wherein generating the com-
mand (Q,, o) indicative ot the reactive power (Qret) comprises
calculating, on the basis of the equivalent grnid voltage
(V 5,...), avalue that corresponds to the reactive power that the
power generation plant must generate in a stationary manner.

3. The method of claim 2, wherein the reactive power to be
generated 1s based on a voltage at the connection point of the
power generation plant (V) and a reference voltage (V, /).

4. The method of claim 3, further comprising calculating
the voltage at the connection pomnt (V. , - ) that will be
reached in a steady state on the basis of the equivalent grid
voltage (V,,;), and assuming a generated reactive power
equal to the command (Q,, /).

5. The method of claim 3, wherein a reference voltage
(V,p) for the voltage at the connection point and a constant
(K) relates the voltage at the connection point (V. ) and the
reactive power to be generated.

6. The method of claim 2, further comprising defining the
voltage that must be reached in a stationary manner at the
connection point to the park.

7. The method of claim 1, wherein the electric grid model
comprises a resistance (R) and a series reactance (X).

8. The method of claim 1, further comprising;

calculating the equivalent grid voltage (V ,, ;) for various
preset electric grid models provided during definition
and stored for use during operation of the power genera-
tion plant; and

selecting at each moment a most stable equivalent grid

voltage (Vg,.4)-
9. A voltage control system of a power generation plant, the
system comprising:
means for measuring electric variables at a connection
point of the power generation plant, and
a control unit that calculates, on a basis of electric vari-
ables, a command i1ndicative of reactive power, the con-
trol unit being configured to:
calculate an equivalent grid voltage at each of a plurality
of points in time during operation of the power gen-
eration plant based on:
clectric magnitudes, including a voltage measure-
ment, measured at the connection point of the
power generation plant; and
an equivalent model of a power grid comprising an
impedance of the power grid;
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generate, on the basis of said estimated equivalent grid
voltage (V. ), the command indicative of reactive
power to be produced by the power generation plant;
dynamically estimate the grid model on the basis of the
clectric magnitudes measured at the connection point of
the power generation plant; and
employ several consecutive values of grid impedances
such that, upon sudden changes in the value of said
impedance of the power grid, one or more parameters
are modified in the voltage control to maintain stability
of the voltage control.
10. The system of claim 9, wherein the system 1s used 1n a
wind farm.
11. A method for controlling a power generation plant, the
method comprising:
estimating, at each of a plurality of points 1n time during
operation of the power generation plant, an equivalent
orid voltage based on:
clectric magnitudes measured at a connection point of
the power generation plant including a voltage mea-
surement at a connection point, and
an equivalent model of a power grid comprising an
impedance of the power grid to which the power gen-
eration plant 1s connected;
generating, on the basis of said estimated equivalent grid
voltage and a voltage reference for the power gnd, a
command indicative of reactive power to be produced by
the power generation plant, wherein generating the com-
mand indicative of the reactive power comprises calcu-
lating, on the basis of the equivalent grid voltage, a value
that corresponds to the reactive power that the power
generation plant must generate 1n a stationary manner;

calculating the equivalent grid voltage for various preset
clectric grid models provided during definition and
stored for use during operation of the power generation
plant, wherein calculating the equivalent model of the
power grid takes into account an impedance of the power
orid to which the power generation plant 1s connected;

selecting at each moment a most stable equivalent grid
voltage;

dynamically estimating the grid model on the basis of the

clectric magnitudes measured at the connection point of
the power generation plant; and

employing several consecutive values of grid impedances

such that, upon sudden changes in the value of said
impedance of the power grid, one or more parameters
are modified 1n the voltage control to maintain stability
of the voltage control.

12. The method of claim 11, wherein the reactive power to
be generated 1s based on a voltage at the connection point of
the power generation plant and a reference voltage.

13. The method of claim 12, further comprising calculating
the voltage at the connection point that will be reached 1n a
steady state on the basis of the equivalent grid voltage, and
assuming a generated reactive power equal to the command.

14. The method of claim 12, further comprising defining a
reference voltage for the voltage at the connection point and
a constant that relates the voltage at the connection point and
the reactive power to be generated.

15. The method of claim 11, further comprising defining
the voltage that must be reached in a stationary manner at the
connection point to the park.

16. The method of claim 11, wherein the electric gnd
model comprises a resistance and a series reactance.
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